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Improving the Stability of a CaO-Based Sorbent for CO2 by Thermal
Pretreatment
Dursun Can Ozcan, Brent H. Shanks, and Thomas D. Wheelock*
Department of Chemical and Biological Engineering, 2114 Sweeney Hall, Iowa State University, Ames, Iowa 50011-2230, United States
ABSTRACT:Although the reversible absorption of CO2 by CaO at high temperature has been proposed as a promising method for
capturing and removing CO2 from hot gas streams produced by the combustion of fossil fuels and other industrial processes, the
activity of the sorbent has invariably declined when applied over many cycles of CO2 absorption and desorption. The objective of the
present investigation was to extend the life cycle performance of the absorbent through improved thermal pretreatment as the
absorbent was prepared from limestone, dolomite, calcium acetate, or plaster of Paris. The ﬁrst three materials were converted to
CaO by calcination, while the third being an impure form of CaSO4 required a combination of reduction and oxidation. The life cycle
performance of an absorbent derived by calcination was found to depend on the calcination conditions including particle size,
temperature, atmosphere, and length of treatment. Sorbent stability was favored by calcining ﬁne-size particles (10 μm) at high
temperature (1000 C) in an atmosphere containing 50%CO2 ormore. The sorbent derived from plaster of Paris by a cyclic process
of reduction and oxidation at 1070 C proved to be a very unusual material when applied because its activity increased rapidly and
was still increasing after 200 cycles of absorption and regeneration.
’ INTRODUCTION
The reversible absorption of CO2 by CaO at high temperature
is a promising method for capturing and removing CO2 from hot
gas streams produced by various industrial processes such as the
combustion of fossil fuels, the gasiﬁcation of coal, or the
reforming of natural gas. The potential applications of the
method and the underlying science and technology have been
reviewed extensively.1,2 In principle the sorbent can be prepared
by calcining limestone or dolomite which are abundant and
inexpensive. However, for economical, large scale industrial
applications, the sorbent must be capable of being regenerated
and reused repeatedly. But during experimental demonstrations
of the method, the activity of the sorbent has usually declined
gradually from cycle to cycle because of sintering and loss of
surface area.14 Among several methods that have been pro-
posed to improve the life cycle performance of the sorbent, two
seem especially promising.
One method involves incorporating an inert material such as
MgO in the CaO-based sorbent, and another method involves
thermally pretreating the sorbent. Of course, calcined dolomite
would already have MgO incorporated in the sorbent, and the
beneﬁt of having MgO present was proposed and demonstrated
some time ago.5,6 More recently it was shown that a possibly
greater beneﬁt can be achieved by incorporating less than the
quantity of MgO present in dolomite, i.e., less than 50 mol %.4
Especially good results were achieved by doping CaO with MgO
nanoparticles.7
A second method for improving the life cycle performance of
the sorbent is to preactivate the sorbent through thermal
pretreatment using carefully selected conditions to control the
calcination of the sorbent precursor. Lysikov et al.8 showed that a
sorbent capable of maintaining a CO2 absorption capacity of
12 wt % through 2000 cycles could be prepared by ﬁrst calcining
CaCO3 powder in air at 1300 C for 90min. Because of sintering,
the initial absorption capacity of the material was quite low.
However, as the sorbent was subjected to a series of CO2
adsorption and desorption cycles at 800 C, the capacity of the
sorbent increased gradually due to self-reactivation, so that, after
20 cycles, the CO2 absorption capacity had reached 10 wt %. As
the cyclic process was continued, the absorption capacity of the
material continued to increase although very gradually. To
explain the self-reactivation phenomena the authors proposed
a model in which the recarbonation/decomposition cycles result
in the formation of an interconnected network of CaO that serves
as an inner skeletal refractory support for an outer layer of
reactive CaO.
This model was modiﬁed subsequently by Manovic and
Anthony9 to account for pore size changes which also take place.
The resulting pore-skeleton model is more complex, consisting
of a hard skeleton of unreactive CaO surrounded by a soft layer of
reactive CaO having a network of small pores. It was proposed
that initial sintering at high-temperature would produce a strong
skeleton or “scaﬀold” that would maintain the porosity of the
material as it is subjected repeatedly to calcination and carbona-
tion. This model was used as a basis for a theoretical explanation
for the change in absorption capacity of CaOwhen it is subjected
to a series of calcination and carbonation cycles at high tempera-
ture where sintering can occur.10 According to this theory,
sintering can lead to a decrease in pore volume during the
calcination phase and an increase in pore volume during the
carbonation phase of each cycle. Consequently the balance
between pore volume disappearance and regeneration has been
proposed to account for the gain or loss in absorption capacity of
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a sorbent subjected to a series of calcination and carbonation
cycles.
More recently an alternative explanation has been oﬀered to
account for self-reactivation of a Ca-based sorbent which had
been pretreated in CO2 at 1000 C.11 Pretreatment under such
conditions promotes ion diﬀusion in CaO lattices and leads to
recrystallization and a more stable structure which is less subject
to sintering during the cyclic process of calcination and carbona-
tion. This structure inhibits bulk mass transfer and sintering
during the formation and decomposition of CaCO3 which was
believed to account for sintering during the cyclic process. The
structure is less reactive with CO2, so only a limited amount of
carbonation occurs during the ﬁrst cycle to form a less stable but
more reactive surface on the hard skeleton. In successive cycles
the layer of reactive material increases accounting for an increase
in absorption capacity.
The developers of the pore-skeleton model led the way in
showing how thermal pretreatment can improve the stability and
life-cycle performance of a sorbent for CO2.
8,9,11 However, the
development and application seem to have been limited to
sorbents derived from only a few diﬀerent limestones calcined
within a limited range of treatment conditions. Only limited
consideration has been given to the application of thermal
pretreatment to a wider range of sorbent precursors and treat-
ment conditions.
Therefore, the present investigation was undertaken to pro-
vide a more extensive basis for using sorbent pretreatment to
improve the life cycle performance of Ca-based sorbents for CO2.
In addition to limestone, consideration was given to pretreat-
ment of other sorbent precursors including calcium acetate,
calcium sulfate, and dolomite.
Calcium sulfate was included because it is widely available in
the form of natural gypsum and anhydrite and as a byproduct of
pollution control systems and the phosphate fertilizer industry.
Furthermore, previous research showed that a CaO-based sor-
bent derived from CaSO4 was more stable than one derived from
CaCO3, possibly because the conversion requires a diﬀerent
pretreatment method.12 This method subjects the precursor to a
cyclic process of reduction and oxidation at high temperature.
For the present investigation various sorbent precursors were
selected, thermally pretreated, and then subjected to a multicycle
test of CO2 absorption capacity conducted under carefully
controlled conditions. Except for CaSO4, thermal pretreatment
involved calcining a sorbent precursor, under preselected condi-
tions of time (30 min to 6 h), temperature (900 to 1100 C), and
atmosphere (0 to 100 mol % CO2, balanced with N2). In the case
of CaSO4, thermal pretreatment required subjecting the material
to a cyclic process of reduction and oxidation conducted at
1070 C.12 Each pretreated sorbent was subjected to a multicycle
test of absorption capacity conducted isothermally at 750 C
under atmospheric pressure. Additional insight into the trans-
formation of the sorbent as it was carbonated and calcined was
gained by subjecting the material to BET/BJH analyses of the
surface area and pore volume distribution.
’EXPERIMENTAL METHODS AND MATERIALS
Materials. Different CaO precursors were used in this study.
Columbia River Carbonates in Washington State provided
different sizes of pulverized limestone with the following desig-
nations and mean particle sizes: Microna 3 (3.2 μm),Microna 10
(11 μm), and Micronatex 40 M (270 μm). These materials were
similar in composition according to their supplier. Dolomitic
limestone was supplied by Greymont Dolime in Ohio. The
particle size fraction below 100 μm (100 μm) was used for
preliminary tests. Later part of this material was ground with a
micronizing mill to provide material below 10 μm (10 μm) in
size. Commercial plaster of Paris from DAP Inc., consisting
largely of calcium sulfate hemihydrate, was used as received. The
particle size ranged from 2 to 45 μm. The chemical composition
of these materials was determined by X-ray fluorescence (XRF)
and is presented in Table 1. Another source of CaO was reagent
grade calcium acetate obtained from Fisher Scientific.
Research grade CO2 and CO were obtained from Matheson
Tri-Gas for sorbent testing and CaSO4 reduction, respectively.
Compressed air and N2 were obtained from Praxair. The N2
had a purity of 99.999% and was used for diluting the CO2. The
air was used for oxidizing CaS formed during the reduction of
CaSO4.
Preparation Methods. Two different methods were em-
ployed for preparing the CaO sorbents. The first method
involved calcining limestone, dolomite, or calcium acetate in a
flowing gas of predetermined composition. The second method
subjected plaster of Paris to a cyclic process of reduction and
oxidation at high temperature (1070 C) to decompose the
CaSO4.
12 These methods were carried out with a thermogravi-
metric analyzer (TGA) just prior to conducting a multicycle test
of absorption capacity. For preparing a sample to test, sufficient
powder was placed in the sample holder, a ceramic cup, to half fill
it. This required from 40 to 90 mg of powder depending on the
material. The cup was then suspended in the TGA for heating
and weighing in a controlled stream of gas. The first method of
preparation required heating the sample from room temperature
to the final calcination temperature at a rate of 25 C/min while
supplying a gas consisting of N2, CO2, or a mixture of these. The
sample was then calcined for a specified time under the same
atmosphere. After completing the calcination and while supply-
ing only pure N2, the temperature was reduced to 750 C for
conducting a multicycle test of absorption capacity.
The second method of preparation required heating a sample
of CaSO4 under a stream of N2 to a reaction temperature of
1070 C where it was ﬁrst reduced with 30 mol % CO in N2.12
After the weight stabilized indicating an end to the reduction
step, air was used to oxidize any CaS formed during this step.
Oxidation was continued until the weight stabilized again. The
cycle of reduction and oxidation was repeated for several cycles
until the weight change became negligible. At this point the
temperature of the system was reduced to 750 C under N2 for a
multicycle test of absorption capacity.
These methods were modiﬁed where larger samples of the
prepared sorbents were required for BET/BJH analyses of the
surface area, pore diameter, and pore volume distribution of
selected materials. In most cases larger samples were prepared by
calcining 3 g of the sorbent precursor placed in a ceramic boat
Table 1. Composition of Sorbent Precursors Determined by
XRF Analysis, wt % (Dry Basis)
Component CaO MgO SiO2 Al2O3 Fe2O3 SO3 Na2O K2O SrO Cl
Limestonea 54.00 0.52 0.66 0.10 0.07  0.01 0.03 0.02 <0.01
Dolomite 28.8 21.6 0.31 0.21 0.06 0.68 0.06 0.03 1.14 0.14
Plaster of
Paris
44.84 1.65 1.99 0.48 0.17 47.80 <0.01 0.17 0.38 
aMicrona 10.
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which was heated in a tube furnace supplied with gas having a
controlled composition. After calcination was completed, the
system was reduced to room temperature under ﬂowing N2. The
calcined sample was divided, setting aside one-half for BET/BJH
analyses while subjecting the other half to a multicycle test of
absorption capacity. This test was also conducted in the tube
furnace in order to prepare suﬃcient material for a ﬁnal analysis.
Characterization Methods. In most cases sorbents were
subjected to a multicycle test of absorption capacity conducted
with the TGA (Perkin-Elmer TGA 7) immediately following the
preparation of each sorbent in the same system. Each cycle was
conducted isothermally at 750 C and at 1.0 atm by subjecting
the sample to a flowing gas stream consisting of 25 vol % CO2
and 75 vol % N2 during a 20 min absorption step and 100 vol %
N2 during a 30 min desorption step. Gas flow rates were
controlled by calibrated digital mass flow controllers. The weight
of the sample was monitored continuously by Pyris Software
which transferred the data toMatlab. The difference between the
initial and final weights of the sorbent during an absorption step
was used as a basis for calculating the corresponding CO2
absorption capacity of the material for any given cycle.
The BET surface area, pore diameter, and pore volume
distributions of selected sorbents were determined with a
Micrometrics ASAP 2020 analyzer. BET surface area measure-
ments were based on adsorption of nitrogen at 196 C. The
BJH method was used to determine the pore diameter and pore
volume distributions.
’EXPERIMENTAL RESULTS AND DISCUSSION
Microna 10 limestone was selected for an initial study of the
eﬀects of pretreatment conditions on the resulting absorption
capacity of the material subjected to a multicycle test of CO2
absorption and regeneration. Samples of the material were
pretreated in diﬀerent atmospheres, at diﬀerent temperatures,
and for diﬀerent periods. Each pretreated sample was then
subjected to a multicycle test of absorption capacity conducted
at 750 C and 1.0 atm using the cyclic process already described.
The results of the ﬁrst series of tests in which the limestone
was pretreated at diﬀerent temperatures and in diﬀerent atmo-
spheres for 1 h are presented in Figure 1. From these results it is
apparent that the absorption capacity of the sorbent depended on
both the pretreatment temperature and atmosphere. Also it is
apparent that the pretreatment temperature exerted a much
greater eﬀect when the sorbent was pretreated in an atmosphere
containing 50 mol %CO2 or more than when it was pretreated in
an inert atmosphere. Since the variation in absorption capacity
over a 20 cycle test is an apparent indication of stability, it can be
seen that what appeared to be the most stable sorbent was
prepared by pretreating the material at 1000 C in 50 mol %CO2
or possibly 100 mol % CO2. However, the absorption capacity of
the material pretreated in 50 mol %CO2 was slightly greater than
that pretreated in 100 mol % CO2. Of special interest was the
gradual increase in absorption capacity during the multicycle test
of the material pretreated at 1050 C in 50 mol % CO2,
apparently due to self-reactivation. If this trend were to continue
for manymore cycles, these pretreatment conditions could prove
highly advantageous. Otherwise, employing a pretreatment
temperature above 1000 C and an atmosphere containing
50 mol % CO2 or more would be disadvantageous because of
the resulting decrease in absorption capacity. On the other hand,
if it became necessary to pretreat limestone under an inert
atmosphere, it would be advantageous to use a pretreatment
temperature of 1050 C or more because of the resulting greater
sorbent stability.
To determine the possible eﬀect of pretreatment time on
absorption capacity, several samples of Microna 10 limestone
were calcined at 900 C in N2 for periods ranging from 1 to 6 h,
while other samples were calcined at 1000 C in 50mol %CO2 in
N2 for similar periods. When the pretreated materials were
subjected to the multicycle test of absorption capacity conducted
at 750 C, the results achieved with samples calcined in 100% N2
at 900 Cwere so similar to those reported in Figure 1a that they
are not shown in a separate ﬁgure. The most noticeable eﬀect of
treatment time appeared after the ﬁrst cycle when the absorption
capacity ranged from 13 mmol of CO2/g of sorbent for material
pretreated for 1 h to 11.8 mmol of CO2/g of sorbent for material
pretreated for 6 h. By the 15th cycle the absorption capacity of all
the samples had decreased to 7.5 mmol of CO2/g of sorbent.
The results obtained with samples pretreated for diﬀerent
times at 1000 Cwith 50mol %CO2 varied signiﬁcantly from the
Figure 1. Absorption capacity of Microna 10 limestone calcined at the
indicated temperatures for 1 h in (a) 100 vol % N2; (b) 50 vol % CO2
balanced with N2; and (c) 100 vol % CO2. After calcination the samples
were subjected to the 20 cycle test at 750 C.
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previous ones in two respects (see Figure 2). First of all,
treatment time had a signiﬁcant eﬀect on the absorption capacity
over the entire 20 cycle test. Second, the absorption capacity was
virtually a linear function of the number of cycles. In addition, the
absorption capacity of material pretreated for 1 h was virtually
constant throughout the test, whereas the absorption capacity
of material pretreated for 2 h or more increased over the
20 cycles. In other words, the material displayed a self-reactivation
tendency.
To determine the longer term eﬀects of sorbent pretreatment
conditions, several samples of Microna 10 limestone were
pretreated using three diﬀerent sets of conditions and then
subjected to a 200 cycle test of absorption capacity conducted
at 750 C. All three samples were pretreated at 1000 C. The ﬁrst
sample was preheated in 100 vol % N2 for 1 h, the second was
pretreated in 50 vol %CO2 for 1 h, and the third was pretreated in
50 vol % CO2 for 6 h. The results of the tests are presented in
Figure 3. Interestingly, while the initial absorption capacities of
the pretreated materials diﬀered greatly, the diﬀerence in capa-
cities decreased as the test progressed so that after 100 cycles the
diﬀerence appeared almost negligible. Also after 100 cycles the
absorption capacity of all the materials appeared to decline very
gradually over the next 100 cycles. These results indicate that the
initial trend in absorption capacity over the ﬁrst 20 cycles of usage
is not always a good indicator of how the sorbent will perform in
the long run, although this measure of performance has been
widely used in the past. The results also suggest that the ultimate
absorption capacity of a material may depend as much or more
on the conditions employed while the sorbent is in service as on
the pretreatment conditions. However, to be fair an initial 20
cycle test of absorption capacity may be a better indicator of
further performance when the trend in performance is very
gradual.
To study the eﬀect of particle size on the absorption capacity
of pretreated limestone, the following samples were used because
they diﬀered primarily in mean particle size: Microna 3 (3.2 μm),
Microna 10 (11 μm), and Micronatex 40 M (270 μm). When
these materials were pretreated at 1000 C for 1 h in diﬀerent
atmospheres and subjected to a 40 cycle test of absorption
capacity conducted at 750 C, the resulting absorption capacity
of the Microna 3 was slightly greater than that of the Microna 10
(see Figure 4). Both materials exhibited a stable absorption
capacity after pretreatment in 50 vol % CO2. On the other hand,
the absorption capacity of the pretreated Micronatex 40 M was
considerably smaller than that of the other materials, especially
after treatment in 50 vol % CO2, and it continued to decline
throughout each test. Since the particle size of the Micronatex
was much larger than that of the other materials, it appeared that
this diﬀerence could account for the diﬀerence in absorption
capacity. Also similar diﬀerences in the absorption capacity of
calcined limestones have been attributed to particle size by
others.9
Interestingly, Chen et al.10 prepared a stable sorbent by
pretreating relatively large particles (i.e., 3001000 μm) of
Strassburg limestone at 1100 C in 100% N2 for 24 h. When
this material was subjected subsequently to a cyclic test of
carbonation and calcination at 850 C, it underwent a short
Figure 2. Absorption capacity of Microna 10 limestone calcined at
1000 C in 50 vol % CO2 in N2 for diﬀerent times. After calcination, the
samples were subjected to the 20 cycle test at 750 C.
Figure 3. Absorption capacity of Microna 10 limestone calcined at
1000 C for diﬀerent times in either 100 vol % N2 or nitrogen mixtures
containing 50 vol % CO2. After calcination, the samples were subjected
to the 200 cycle test at 750 C.
Figure 4. Absorption capacity of diﬀerent limestones calcined at
1000 C for 1 h under (a) 100 vol % N2 and (b) 50 vol % CO2 balanced
with N2. After calcination, the samples were subjected to either a 20 or
40 cycle test at 750 C.
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initial period of self-reactivation followed by a period where the
absorption capacity declined only slightly over 1000 cycles.
These and other results11 indicate that the successful pretreat-
ment of larger limestone particles requires a much longer
treatment time than is needed for Microna 10 or Microna 3.
To determine the eﬀect of pretreatment conditions on the
CO2 absorption capacity of CaO derived from dolomite, samples
of the100 μmmaterial were calcined at diﬀerent temperatures,
CO2 partial pressures, and calcination times. The calcined
samples were then subjected to the 20 cycle test of absorption
capacity conducted at 750 C. While calcined dolomite con-
tained both MgO and CaO, only the CaO would absorb CO2
under the test conditions. However, the presence of the inert
MgO appeared to be partly responsible for how the absorption
capacity was aﬀected by the pretreatment conditions. A compar-
ison of Figure 5 with Figure 1 shows a signiﬁcant diﬀerence in
how the pretreated dolomite and limestone responded to pre-
treatment conditions. During the ﬁrst few cycles of each test the
calcined dolomite underwent a period of self-reactivation which
was not observed with calcined limestone. While the absorption
capacity of the treated limestone during the ﬁrst few cycles of
each test was generally greater than that of the correspondingly
treated dolomite, in subsequent cycles the treated dolomite
usually had the higher absorption capacity.
Another important diﬀerence in the results was due to the
eﬀect of calcination temperature on the absorption capacity of
the materials when they were calcined in 50 vol % CO2 or higher
concentrations. A change in calcination temperature had a much
greater eﬀect on limestone than on dolomite. On the other hand,
Figure 6 shows that the absorption capacity of 100 μm
dolomite after calcination at 900 C in N2 was not greatly
aﬀected by calcination time which was also true for limestone.
To determine the possible eﬀect of particle size on the
absorption capacity of calcined dolomite, some of the 100 μm
dolomite was ground to prepare a quantity of 10 μm material.
The ﬁner material was calcined subsequently at 1000 C for 1 h
in diﬀerent atmospheres and then subjected to an 80 cycle test
of absorption capacity; the results are presented in Figure 7.
It is apparent that the materials treated in either 50 or 100 vol %
CO2 underwent a period of self-reactivation that was much
longer than that shown in Figure 5b for the 100 μm material.
Also the absorption capacity of the10 μmmaterial did not start
to decline until after 50 cycles in one case and 60 cycles in
another case.
To extend the comparison further, the sample of 100 μm
dolomite which had been calcined at 1000 C in N2 for 1 h and
tested over 20 cycles was subjected to an additional 60 cycles of
testing. The results which are included in Figure 7 were similar to
those observed with the10 μmmaterial over the ﬁrst 15 cycles
but then departed signiﬁcantly over the remaining 65 cycles.
The preceding results indicate that, after application of a
given pretreatment, the 100 μm product was not as stable as
the 10 μm product, a result not unlike that observed with
limestone.
Calcium acetate was selected for testing as a sorbent precursor
because earlier investigations4,7 had shown that a sorbent derived
from this material can have a greater absorption capacity than
that of sorbents derived from limestone or dolomite. A reagent
Figure 5. Absorption capacity of100 μm dolomite calcined for 1 h at
various temperatures in (a) 100 vol% N2 and (b) either 50 or 100 vol %
CO2. After calcination, the samples were subjected to the 20 cycle test at
750 C.
Figure 6. Absorption capacity of100 μmdolomite calcined at 900 C
in N2 for diﬀerent times. After calcination, the samples were subjected to
the 20 cycle test at 750 C.
Figure 7. Absorption capacity of diﬀerent dolomite samples calcined at
1000 C for 1 h. The10 μmdolomite calcined in ([) N2; (2)50 vol %
CO2; and (9)100 vol % CO2. The 100 μm dolomite calcined
in N2 ().
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grade material with few impurities was selected for study.
Diﬀerent samples were thermally pretreated at 1000 C for 1 h
in three diﬀerent atmospheres and then subjected to a 40 cycle
test of CO2 absorption capacity conducted at 750 C. The results
presented in Figure 8 again showed the material to have a greater
absorption capacity than that of sorbents derived from either
Microna limestone (Figure 4) or dolomite (Figure 7) prepared
under similar conditions. While this advantage could have been
due in part to the higher purity of the calcium acetate, it could
also have been due to the unique structure of the material which
was in the form of porous, possibly hollow, spherical particles
ranging from 2 to 40 μm in diameter (Figure 9). Following
calcination at 1000 C, the porosity and hollow appearance were
both greater. Furthermore, the resulting appearance was similar
to that reported by Li et al.7 for the calcined material.
While the absorption capacity of the calcium acetate which
had been pretreated at 1000 C in N2 decreased steadily during
the 40 cycle test of absorption capacity much like that observed
with Microna 3 or 10 (Figure 4a), the change in absorption
capacity of the material pretreated in an atmosphere containing
50 vol % CO2 or more was similar to the change in absorption
capacity of 10 μm dolomite (Figure 7). In other words, both
materials underwent an initial period of self-reactivation followed
by a longer period of nearly constant absorption capacity. Due to
these promising results, both the pretreated calcium acetate and
the 10 μm dolomite warrant further testing over many more
cycles of CO2 absorption and desorption.
Since an earlier study12 had shown that CaO derived from
CaSO4was a promising sorbent for SO2, the possibility of using it
as a sorbent for CO2 was considered in the present investigation.
A practical method which had been demonstrated in the past for
converting CaSO4 into CaO was employed to prepare the
sorbent.12 This method employs a cyclic process at 1070 C
which subjects the material to conditions that are alternately
reducing and oxidizing. For the present work plaster of Paris,
which is an impure form of partially hydrated CaSO4, was
selected as a precursor. After some initial tests of absorption
capacity, a sample of the prepared sorbent was subjected to a 200
cycle test of CO2 absorption and desorption conducted at
750 C. The results were remarkable in that the absorption
capacity of the sorbent increased throughout the test (Figure 10).
After undergoing an initial period of rapid self-reactivation, the
absorption capacity of the material continued to increase but at a
gradually decreasing rate. The results of a similar test made with a
sorbent prepared by calcining Microna 10 limestone at 1000 C
for 1 h in 100% N2 are included for comparison. In this case the
absorption capacity of the material decreased throughout the
test, creating a nearly mirror image of the preceding results. Also
of interest is the similarity between the absorption capacity of
pretreated CaSO4 over 80 cycles and that of the sorbent prepared
by calcining 10 μm dolomite at 1000 C for 1 h in 100 vol %
CO2 (Figure 7).
Additional insight into the eﬀects of the pretreatment condi-
tions and the multicycle test of absorption capacity was gained by
measuring the BET surface area and BJH pore volume distribu-
tion of the pretreated sorbents both before and after they had
been subjected to a multicycle test. The results of these measure-
ments on sorbents prepared from limestones of diﬀerent particle
sizes are presented in Table 2. Since the preceding work showed
that pretreatment temperature was not a major factor and good
results were achieved by using a pretreatment temperature of
1000 C, the present measurements were largely applied to
materials pretreated at this temperature. In the one case shown
where Microna 10 limestone was pretreated at 900 C in an inert
atmosphere, the BET surface area of 18.50 m2/g was 20% larger
than that of material pretreated at 1000 C in an inert atmo-
sphere. Furthermore, after the pretreated sorbents had been
subjected to the 20 cycle test of absorption capacity at 750 C, the
Figure 8. Absorption capacity of calcium acetate calcined at 1000 C for
1 h in an atmosphere of ([) N2; (9) 50 vol % CO2; and (2) 100 vol %
CO2. After calcination the sorbents were subjected to a 40 cycle test at
750 C.
Figure 9. SEM image of untreated, reagent grade calcium acetate.
Figure 10. Absorption capacity of ([) plaster of Paris treated at
1070 C by oxidation/reduction reactions and (9) Microna 10 lime-
stone calcined at 1000 C in 100 vol % N2 for 1 h. The pretreated
sorbents were subjected to the 200 cycle test at 750 C.
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resulting BET area of 11.32 m2/g was the same for sorbents
pretreated at either 900 or 1000 C. These results were not too
dissimilar from the results in Figure 1a showing the eﬀect of
temperature on the absorption capacity.
Of particular interest was the eﬀect of having 50 mol % CO2 or
more present when limestone was pretreated because it greatly
reduced both the BET surface area and BJH pore volume of the
sorbents (Table 2). However, when the pretreated sorbents were
subjected subsequently to a 20 cycle test of absorption capacity,
their surface area and pore volume both increased greatly. This
result was opposite to what occurred when limestone was pre-
treated in an inert atmosphere and subjected to the same test
which resulted in a decrease in both surface area and pore volume.
Although the particle size of the limestone did not have much
eﬀect on the surface area and pore volume of the freshly calcined
limestone, it did aﬀect these properties during the multicycle test
of absorption capacity. The eﬀect was most noticeable in the case
of the coarser Micronatex which at the end of the test had a
smaller surface area and pore volume than the other sorbents
derived from limestone (Table 2).
As the results in Table 3 indicate, the BET surface area and
BJH pore volume of sorbents derived from ground dolomite
(e10 μm) and calcium acetate, respectively, were not greatly
diﬀerent from those derived from limestone. The initial surface
area and pore volume of the calcined materials were again
strongly aﬀected by the calcination atmosphere so that both
properties were much smaller for materials calcined in 50 mol %
CO2 than in 100 mol % N2. Again both properties recovered
when the sorbents were subjected to a 20 cycle test of absorption
capacity. For the materials calcined in an inert atmosphere and
then subjected to the 20 cycle test, the surface area of the calcined
dolomite increased during the test whereas the surface area of the
calcined calcium acetate decreased. While the direction of these
trends is also reﬂected by the absorption capacity reported in
Figures 7 and 8, there is less agreement between themagnitude of
the changes, suggesting an involvement of other factors.
The initial surface area and pore volume of the sorbent derived
from plaster of Paris were both very small (Table 3). However,
when the sorbent was subjected subsequently to a multicycle test
of absorption capacity, both of these properties increased greatly
as did the absorption capacity (Figure 10). Consequently after 20
cycles the surface area and pore volume were virtually equal to
the values reported in Table 2 for a sorbent derived by calcining
Microna 10 limestone at 1000 C in 50 mol % CO2 and then
subjecting it to a 20 cycle test. As the multicycle test of the
sorbent derived from plaster of Paris was extended to 80 cycles
and beyond, the surface area and pore volume seemed to decline
slightly whereas the absorption capacity continued to increase.
Table 2. Results of BET/BJH Analyses of Sorbents Prepared from Limestones at the Indicated Conditions before and after
Undergoing a 20 Cyclic Test of Absorption Capacity Conducted at 750 C
Preparation Conditions
Limestone
Sample
PCO2
(atm)
temp
(C)
Time
(h)
Cycle
No.
BET
Surface
Area (m2/g)
BJH Desorption
Cumulative Pore
Volume (cm3/g)
BJH Desorption
Average Pore
Diameter (Å)
Microna 3 0.00 1000 1 0 13.23 0.138 329.3
Microna 3 0.00 1000 1 20 12.52 0.122 272.8
Microna 3 0.50 1000 1 0 3.34 0.013 157.3
Microna 3 0.50 1000 1 20 11.10 0.087 233.5
Microna 10 0.00 900 1 0 18.50 0.206 322.2
Microna 10 0.00 900 1 20 11.32 0.104 246.8
Microna 10 0.00 1000 1 0 15.45 0.172 318.0
Microna 10 0.00 1000 1 20 11.32 0.088 219.6
Microna 10 0.50 1000 1 0 3.62 0.019 219.4
Microna 10 0.50 1000 1 20 10.36 0.081 228.4
Microna 10 0.50 1000 6 0 2.18 0.009 183.0
Microna 10 0.50 1000 6 20 5.47 0.031 178.5
Microna 10 1.00 1000 1 0 3.63 0.017 181.7
Microna 10 1.00 1000 1 20 9.93 0.086 246.5
Micronatex 0.00 1000 1 0 14.26 0.167 315.1
Micronatex 0.00 1000 1 20 6.49 0.069 328.2
Micronatex 0.50 1000 1 0 3.21 0.018 239.2
Micronatex 0.50 1000 1 20 5.55 0.045 244.4
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The changes in the absorption capacity, BET surface area, and
BJH pore volume brought about by the sorbent pretreatment and
the subsequent multicycle test all reﬂect changes in the pore size/
pore volume distribution of the material as it was pretreated and
used. This concept is illustrated by Figure 11a which shows how
the BJH pore volume distribution of a sorbent prepared by
calcining Microna 10 limestone in an inert gas (N2) was aﬀected
by calcination temperature and a 20 cycle test of absorption
capacity conducted at 750 C. The largest peak in this ﬁgure is
centered around a peak pore diameter of about 500 Å, and it
represents the results of calcining a sample of limestone at 900 C
for 1 h in a stream of N2. The calcination of another sample at a
temperature of 1000 C produced a slightly smaller peak.
Subjecting these samples to a 20 cycle test of absorption capacity
conducted at 750 C produced a major shift in pore size
distribution by eliminating larger pores and creating smaller
pores. The results of this shift are represented by the two smaller
peaks which are centered around a peak pore diameter of about
300 Å. Thus it can be seen that the pore size distribution was
aﬀected by and depended on both the sorbent pretreatment
conditions and the multicycle test conditions.
Similar results were obtained when samples of ground dolo-
mite (10 μm) were pretreated by calcining them for 1 h at
1000 C in diﬀerent gases. In one case a sample was calcined in an
inert gas (N2) resulting in the BJH pore volume distribution
represented by the large, broad peak in Figure 11b. In another
case a sample was calcined in a N2 mixture containing 50 mol %
CO2 which resulted in the pore volume distribution represented
by the broad but very low curve in this ﬁgure. Although these
distributions diﬀered greatly in magnitude, when the pretreated
sorbents were subsequently subjected to a 20 cycle test of
absorption capacity at 750 C, the resulting pore volume
distributions were very similar for the two materials. Therefore,
the ﬁnal pore volume distribution seemed to be more dependent
on the sorbent application conditions than on the pretreatment
conditions.
The pretreatment and testing of the sorbents prepared from
calcium acetate produced pore volume distributions that were very
similar to those observed with ground dolomite. Figure 12a shows
that the calcination of calcium acetate at 1000 C in N2 produced
a large, broad pore volume distribution whereas calcination in
Table 3. Results of BET/BJH Analyses of Sorbents Prepared from Diﬀerent Precursors at the Indicated Conditions before and
after Undergoing a Cyclic Test of Absorption Capacity at 750 C
Preparation Conditions
Precursor
Sample
PCO2
(atm)
Temp
(C)
Time
(h)
Cycle
No.
BET Surface
Area (m2/g)
BJH Desorption
Cumulative Pore
Volume (cm3/g)
BJH Desorption
Average Pore
Diameter (Å)
Dol. e10 μm 0.00 1000 1 0 12.53 0.120 291.0
Dol. e10 μm 0.00 1000 1 20 14.16 0.125 267.8
Dol. e10 μm 0.50 1000 1 0 5.89 0.019 143.5
Dol. e10 μm 0.50 1000 1 20 15.16 0.124 270.4
Ca Acetate 0.00 1000 1 0 15.10 0.103 250.7
Ca Acetate 0.00 1000 1 20 14.12 0.125 230.1
Ca Acetate 0.50 1000 1 0 4.91 0.014 120.1
Ca Acetate 0.50 1000 1 20 13.00 0.114 234.7
Plaster/Paris  1070  0 1.08 0.002 92.3
Plaster/Paris  1070  20 10.11 0.085 232.6
Plaster/Paris  1070  80 8.68 0.072 238.7
Figure 11. BJH pore volume distribution of materials calcined for 1 h at
indicated conditions before and after 20 cycle test. (a) Microna 10
limestone calcined in N2; (b) ground dolomite (10 μm) calcined at
1000 C in N2 or a CO2 mixture.
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50 mol % CO2 produced a broad but very low pore volume
distribution. Furthermore, when these pretreated samples were
subjected to a 20 cycle test of absorption capacity at 750 C, the
resulting pore volume distributions were almost identical. Again
the ﬁnal pore volume distributions seemed to dependmore on the
ﬁnal test conditions than on the pretreatment conditions.
The sorbent prepared from plaster of Paris was unusual in that
the freshly prepared material had a pore volume distribution that
was an order of magnitude smaller than that of other materials
listed in Tables 2 and 3. However, Figure 12b indicates, after the
material underwent a multicycle test of absorption capacity at
750 C, it developed a pore volume distribution which was nearly
as large as that of the other materials. But as the test was extended
from 20 to 80 cycles, the pore volume distribution did not appear
to be aﬀected signiﬁcantly while the absorption capacity con-
tinued to increase (Figure 10). By the end of 200 cycles the
absorption capacity of the material had reached 6.5 mmol of
CO2/g of sorbent which compares favorably with the results of
other extended tests reported in the literature. Among these
Lysikov et al.8 prepared a sorbent by calcining commercial grade
CaCO3 powder in air at 1300 C for 90 min. When the material
was subjected to a cyclic test of absorption capacity at 800 C in
air, its capacity increased rapidly during the ﬁrst 20 cycles and
then stayed nearly constant at 2.7 mmol of CO2/g of sorbent for
an additional 1980 cycles. Chen et al.10 achieved similar results by
pretreating Strassburg limestone powder in 100% N2 at 1100 C
for 24 h. When tested at 850 C, the absorption capacity
increased for 300 cycles to a value of 3.8 mmol of CO2/g of
CaO and then decreased to a value of 3.5 mmol of CO2/g of CaO
over the next 700 cycles. These tests revealed very stable sorbents
having a much lower absorption capacity than the present
material derived from plaster of Paris.
’CONCLUSIONS
The utility and life-cycle performance of CaO-based sorbents
for CO2 are dependent on the properties of the sorbent
precursors, the treatment conditions employed for converting
the precursors into CaO, and the service conditions to which the
sorbents are subjected. These are conclusions drawn from the
literature and supported by the present investigation which also
extended the application of thermal pretreatment to additional
sorbent precursors over a wider range of preparation conditions.
While sorbents with a large initial absorption capacity can be
prepared by calcining limestone or dolomite under relatively
mild conditions that may include a temperature of 900 C and an
inert atmosphere, the capacity of the resulting sorbent can
decline rapidly in service as the material is loaded and regener-
ated repeatedly. The present study indicates that the initial
stability of the sorbent can be improved by calcining a smaller
particle size (i.e.,e10 μm) and by using more severe calcination
conditions such as a temperature of 1000 C or higher and an
atmosphere with 50 vol % CO2 or more, but these conditions will
also impact the initial absorption capacity. However, because the
BET surface area, BJH pore volume distribution, and absorption
capacity of a given material are greatly aﬀected by application
conditions, the long-range performance of a sorbent can only be
determined by conducting extended multicycle tests.
A sorbent with potentially greater stability can be prepared by
converting a CaSO4-bearing material such as plaster of Paris into
CaO. However, this requires subjecting the material to a cyclic
process of reduction and oxidation at high temperature (e.g.,
1070 C). By employing this process it is possible to prepare a
sorbent from plaster of Paris which continues to increase in
absorption capacity throughout 200 cycles of absorption and
regeneration. A comparison of this performance with that
achieved previously by others8,10 in much longer extended tests
suggests that the present material may retain a larger absorption
capacity than the other materials when subjected to extended
tests of similar duration.
’AUTHOR INFORMATION
Corresponding Author
*E-mail: wheel@iastate.edu.
’REFERENCES
(1) Blamey, J.; Anthony, E. J.; Wang, J.; Fennell, P. S. The Calcium
Looping Cycle for Large-Scale CO2 Capture. Prog. Energy Combust. Sci.
2010, 36, 260–279.
(2) Harrison, D. P. Sorption-Enhanced Hydrogen Production: A
Review. Ind. Eng. Chem. Res. 2008, 47, 6486–6501.
(3) Grasa, G. S.; Abanades, J. C. CO2 Capture Capacity of CaO in
Long Series of Carbonation/Calcination Cycles. Ind. Eng. Chem. Res.
2006, 45, 8846–8851.
(4) Albrecht, K. O.; Wagenbach, K. S.; Satrio, J. A.; Shanks, B. H.;
Wheelock, T. D. Development of a CaO-Based CO2 Sorbent with
Improved Cyclic Stability. Ind. Eng. Chem. Res. 2008, 47, 7841–7848.
(5) Silaban, A.; Harrison, D. P. High Temperature Capture of
Carbon Dioxide: Characteristics of the Reversible Reactions between
CaO(s) and CO2(g). Chem. Eng. Commun. 1995, 137, 177–190.
(6) Silaban, A.; Narcida, M.; Harrison, D. P. Characteristics of the
Reversible Reaction between CO2(g) and Calcined Dolomite. Chem.
Eng. Commun. 1996, 146, 149–162.
(7) Li, L.; King, D. L.; Nie, Z.; Howard, C. Magnesia-Stabilized
Calcium Oxide Absorbents with Improved Durability for High Tem-
perature CO2 Capture. Ind. Eng. Chem. Res. 2009, 48, 10604–10613.
Figure 12. BJH pore volume distribution of two pretreated materials
before and after multicycle test of absorption capacity: (a) calcium
acetate calcined at 1000 C for 1 h in N2 or 50 vol % CO2; (b) plaster of
Paris converted to CaO at 1070 C by reduction/oxidation.
6942 dx.doi.org/10.1021/ie102368g |Ind. Eng. Chem. Res. 2011, 50, 6933–6942
Industrial & Engineering Chemistry Research ARTICLE
(8) Lysikov, A. I.; Salanov, A. N.; Okunev, A. G. Change of CO2
Carrying Capacity of CaO in Isothermal RecarbonationDecomposi-
tion Cycles. Ind. Eng. Chem. Res. 2007, 46, 4633–4638.
(9) Manovic, V.; Anthony, E. J. Thermal Activation of CaO-Based
Sorbent and Self-Reactivation during CO2 Capture Looping Cycles.
Environ. Sci. Technol. 2008, 42, 4170–4174.
(10) Chen, Z.; Song, H. S.; Portillo, M.; Lim, C. J.; Grace, J. R.;
Anthony, E. J. Long-Term Calcination/Carbonation Cycling and Ther-
mal Pretreatment for CO2 Capture by Limestone and Dolomite. Energy
Fuels 2009, 23, 1437–1444.
(11) Manovic, V.; Anthony, E. J.; Loncarevic, D. CO2 looping cycles
with CaO-based sorbent pretreated in CO2 at high temperature. Chem.
Eng. Sci. 2009, 64, 3236–3245.
(12) Akiti, T. T., Jr.; Constant, K. P.; Doraiswamy, L. K.; Wheelock,
T. D. A Regenerable Calcium-Based Core-in-Shell Sorbent for Desul-
furizing Hot Coal Gas. Ind. Eng. Chem. Res. 2002, 41, 587–597.
